Abstract. During research injection molded samples were made from recycled poly(ethylene terephthalate) (PET). Morphological properties of samples were investigated by modulated differential scanning calorimetry (MDSC). Total heat flow was separated in two parts, reversing and non-reversing heat flow during measurements. Relationships were found between crystallization and melting processes: the initial crystallinity equals to the non-reversing melting, and the post-crystallization processes equals to reversing melting.
(and other semicrystalline polymers). MDSC is often used to investigate the rigid amorphous fraction in case of PET. Righetti and Androsch [7] used MDSC results to determine the change the crystallinity of their samples in function of temperature (during heating samples). The reversing specific heat capacity corresponds to the baseline specific heat capacity, i.e. the specific heat capacity without effects of latent heats. Chen and Cebe [8] investigated the vitrification and devitrification of rigid amorphous fraction of PET, using MDSC measurements. Androsch and Wunderlich [9] investigated the rigid amorphous fraction in cold-crystallized and subsequently annealed PET. Based on the reversing specific heat capacity signal they concluded that the remaining rigid amorphous fraction after cold-crystallization (at 117 °C) was still glassy up to at least 217 °C.
The aim of research was to produce injection molded samples from recycled PET with different processing parameters. The morphological properties of samples were analyzed by MDSC measurements. Different crystallization (cold-crystallization, non-reversing crystallization) and melting (reversing melting, non-reversing melting, total melting) were determined and compared from total-, reversing-and non-reversing heat flow signals.
Experimental
In this study, PET NeoPET80 with 0.79±0.01 dl/g intrinsic viscosity (IV), supplied by NeoGroup (Lithuania) was used. Recycled PET (RPET) with 0.59±0.01 dl/g IV was made by extrusion, modeling properties of the commercial recycled PET without any contamination.
Before the injection molding PET and RPET were dried at 160 °C for 4 hours in Hereaus UT20 hot air drying oven. The injection molded samples were made by Arburg Allrounder Advance 370S injection molding machine. Samples have 80x80 mm surface with 1 mm and 2 mm thickness. The mold temperatures were 30 °C and 60 °C, the injection rates were 30 cm 3 /sec and 80 cm 3 /sec. With all combinations of this setups and properties (two kinds of IV, sample thickness, mold temperature and injection rate) 16 different type of samples were injection molded.
The intrinsic viscosity of the raw material and regranulates were measured by PSL Rheotek RPV-1 solution viscosimeter at 30 °C, using 60/40 wt% phenol/1,1,2,2,-tertrachloroethane as solvent.
Morphological properties were determined by modulated DSC measurements, using DSC Q2000 (TA Instruments), with 2 °C/min heating rate, in 30-280 °C temperature range. Sinusoidal modulation was applied during the measurements, with ±0.318 °C amplitude and 60 s period. The masses of the samples were between 5-8 mg.
During DSC measurements modulated heat flow curves were registered ( Fig.1) , and total-, reversing-and non-reversing heat flow signals were calculated (Fig.2 ). This procedure is described in details elsewhere [4, 5] . In the course of evaluation following peaks were investigated and compared: cold-crystallization (CC, between 100-130 °C) and melting (M, 210-270 °C) peaks on total heat flow signal, melting (RM, 130-270 °C) peak on the reversing heat flow signal, crystallization (NRC, between 130-270 °C) and melting (NRM, 210-270 °C) peaks on nonreversing heat flow signal (Fig. 1 ). Tangential sigmoid baselines were applied to determine the area of the peaks. The overlapped crystallization and melting peaks between 130-270 °C on the nonreversing heat flow signal were separated by Calisto software (Setaram, France).
The crystallinity of the crystallization/melting peaks were calculated by equation (1):
where CRF i [%] is the relative crystallinity of the peak where "i" can be: CC, M, RM, NRC, NRM; Δh i [J/g] is the measured mass specific heat flow during the crystallization/melting (area of the crystallization/melting peak), where "i" can be: CC, M, RM, NRC, NRM; Δh 0 [J/g] is mass specific heat flow of the 100% crystalline PET (140.1 J/g) [7] .
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The initial crystallinity of the samples were calculated by equation (2):
where CRF 0 [%] is initial crystallinity of the sample, CRF M [%] is the calculated crystallinity from melting peak on the total heat flow curve, CRF CC [%]is the calculated crystallinity from coldcrystallization peak on the total heat flow curve. 
Results and discussion
During measurements MDSC curves of 16 different samples were evaluated, and the mean values of investigated properties were analyzed and compared. Fig. 3 shows an example of the initial crystallinity (CRF 0 , difference of melting and cold crystallization peaks on the total heat flow curve) and the melting peak on the non-reversing curve Materials Science Forum Vol. 885 265 (CRF NRM ). In cases of 16 type produces samples, the initial crystallinity equals to the non-reversing melting:
The average difference of results was 0.1 ± 1.6% (Table 1. ). Standard deviations of CRF 0 and CRF NRM of samples were 0.8% and 1.3%. Based on this result the melting of initial crystalline fraction of the samples can be observed on the non-reversing heat flow signal, above 230 °C. Processes which appear on non-reversing signal are independent of the amplitude and frequency of the heating rate, and they are dependent on the underlying heating rate. This heating rate was applied to the sample from an initial temperature for the scan until the final required temperature was reached, and processes which are caused by the underlying heating rate have relative long occurrence time (contrary to processes in reversing heat flow signal). The initial crystallinity of the samples evolved from melt during the cooling phase of manufacturing, which result in a very ordered structure with large crystallites (compared to cold-and post-crystallization). Significant heat is necessary to melt these crystallites, this leads to the high melting temperature of the initial crystallinity, and the melting peak appearing on the non-reversing signal. The melting has no response for the modulation because there is no recrystallization in case of the initial crystallites. Fig . 4 shows the cold-crystallization peak on the total heat flow curve (CC), the crystallization peak on the non-reversing heat flow curve (NRC), and the melting peak on the reversing curve (RM). The area of the two post-crystallization peaks equals to the area of the reversing melting peak:
The average difference of results was 0.0 ± 1.3% (Table 2. ). Standard deviations of postcrystalline fractions (CRF NRC + CRF CC ) and CRF RM were 4.4% and 4.8% of the samples. This process can be divide into two parts. First is the crystal perfection: at the beginning of the reversing heat flow curve (between 130 and 220 °C) almost equals to the non-reversing heat flow curve, hence the total heat flow curve seems to linear. During this process crystal melting and crystallization occurs simultaneously. When the secondary bonds broke between chains, the mobility of chains increase. This leads to a rearrangement, hence new secondary bonds and crystallites can form, or existing crystallites can grow. Second is the melting phase above 220 °C, which probably is the melting of crystallites formed during cold-crystallization. The order of the crystal structure formed during cold-crystallization probably is higher, then the order of the structure formed during postcrystallization. Crystallites are more stable, because no simultaneous melting process occur, which can cause the higher melting temperature. The melting of initial crystallinity and post crystallization processes appearing on different curves can be caused by the different crystal structures: during post-crystallization processes less perfect structure can be formed. 
Summary
In research morphology of injection molded recycle poly(ethylene terephthalate) samples were investigated by modulated differential scanning calorimetry (MDSC). Melting and crystallization peaks on total, reversing and non-reversing heat flow signals were analyzed and compared. Relationships were found between crystallization and melting processes: the initial crystallinity equals to the non-reversing melting, and the post-crystallization processes equals to reversing melting. Crystallites formed during manufacturing, cold-crystallization and post-crystallization have different structure which cause different melting properties (e.g. reversing or non-reversing melting, different temperatures) Very small differences between results show the significance of the MDSC measurement technique in morphological analysis. In case of PET the crystallization process is very complex, it can be divided for crystallization during manufacturing, and post-crystallization (coldcrystallization and crystal perfection) processes. During these processes different crystal structures can be formed (e.g. different crystalline size, perfection of the structure). Using MDSC these processes can be separated and analyzed. The deeper analysis of crystallization processes can help to understand better the morphological properties which have a significant influence of the mechanical properties (e.g. tensile strength, impact strength) of products.
